Previously, generation of superoxide anion (O 2 •-) catalyzed by Cu-binding peptides derived from human prion protein (model sequence for helical Cu-binding motif VNITKQHTVTTTT was most active) in the presence of catecholamines and related aromatic monoamines such as phenylethylamine and tyramine, has been reported [Kawano, T., Int J Biol Sci 2007; 3: 57-63]. The peptide sequence (corresponding to helix 2) tested here is known as threonine-rich neurotoxic peptide. In the present article, the redox behaviors of aromatic monoamines, 20 amino acids and prion-derived tyrosine-rich peptide sequences were compared as putative targets of the oxidative reactions mediated with the threonine-rich prion-peptide. For detection of O 2
Introduction
Prion proteins (PrPs) found in animal brains showing transmissible spongiform encephalopathies (TSE) partially becomes proteinase K-resistant while those found in uninfected brains are sensitive to digestion by proteinase K [1] . The former form of PrPs represents the infectious scrapie isoform (PrP Sc ) and the latter form of PrP represents the intrinsic cellular PrP (PrP C ). Such deposition of abnormal protein fi-brils is a prominent pathological feature of many different "protein conformational" diseases, including prion dementias, Alzheimer's disease, Parkinson's disease and motor neuron disease [2] . In the cases of β-amyloid accumulation in Alzheimer's disease and of α-synuclein accumulation in Parkinson's disease, evidence for involvement of reactive oxygen species (ROS) such as H 2 O 2 and hydroxyl radicals (HO • ) in the toxic mechanisms have been documented, suggesting that fundamental molecular mechanisms underlying the pathogenesis of cell death in neurodegenerative diseases could be attributed to the production of ROS that stimulates the formation of abnormal protein aggregates [2, 3] .
Earlier studies have propounded the importance of metals (especially copper) in neurobiology and proposed two opposing roles for copper-bound PrPs as anti-oxidants required for the neuronal functions [4] [5] [6] and also as the pro-oxidants enhancing the neurodegenerative process [7] . The likely factors associated with generation [8] or removal of ROS [5] within PrPs are Cu-binding sequences highly preserved in PrPs. In general, PrPs from mammals have six to seven putative Cu-binding sites consisted of 4 distinct sequences (Fig. 1A) , namely, PHGGGWGQ (octarepeat sequence, repeated for 4 times), GGGTH (existing just after the octarepeats), KTNMKHMA (known to be a portion of neurotoxic region), and VNITIKQHTVTTTT (helix 2, threonine-rich toxic sequence). The key common feature among the Cu-binding sequences in PrPs is the presence of His-residue(s) possibly behaving as the anchors for the copper [9, 10] . The neurotoxic threonine-rich region corresponding to the human PrP helix 2 of the globular PrP domain is a good candidate to be one of the several 'spots' of intrinsic structural flexibility, which might induce local destabilization and concur to protein transformation, leading to aggregation-prone conformations [11] .
Some in vitro studies with electron spin resonance spectroscopy have demonstrated that H 2 O 2 (detected with a spin trap after conversion to HO • via Fenton reaction) is produced during the early stages of protein aggregation associated with neurodegenerative diseases involving β-amyloid, α-synuclein and toxic forms of PrP [12] [13] [14] . Especially Cu-loaded PrP 106-126, the neurotoxic region, likely catalyzes the robust generation of H 2 O 2 [14] . It is generally accepted that, like amyloid-β peptide, prion induces apoptotic cell death in the neuronal tissues [15] . A PrP amino acid sequence 106-126 covering a putative Cu-binding site, likely forms the region causing neuronal apoptosis since a synthetic Cu-bound peptide corresponding to PrP 106-126 is highly fibrillogenic and highly toxic to neuronal cells as if behaving as a PrP Sc mimic [15, 16] .
In addition to the formation of H 2 O 2 catalyzed by Cu-loaded PrP peptides, Kawano [8] has reported that production of superoxide anion (O 2
•-), another key member of ROS in biological systems, is catalyzed by Cu-binding PrP fragments (corresponding to the octa-repeat, neurotoxic sequence and His-containing helical regions) in the presence of certain co-factors and aromatic monoamines known to behave as precursors and/or analogs of catecholamine-type neurotransmitters highly rich in brains. Based on the peroxidative model redox mechanism [9] in which Cu-bound forms of PrP catalyzes the generation of ROS in the presence of some natural co-factors and inducers in the neuronal tissues, Kawano [8] has proposed that aromatic monoamines may form a group of ROS inducers (substrates) possibly contributing to the PrP-dependent oxidative burst. Earlier reports by Japanese team are in support of such view, showing that Cu-bound PrP has high affinity and catalytic activity for oxidation of some aromatic monoamines such as dopamine which is abundantly present in the neuronal tissues [17, 18] . Among aromatic monoamines tested as the inducers (substrates) for PrP-peptide catalyzed O 2
•--generating reaction, the most active species were shown to be hydroxylated monoamines such as tyramine (preferably with a hydroxyl group positioned on the aromatic ring with metaor para-orientation), while non-hydroxylated monoamines such as benzylamine and phenylethylamine were less active [8] . Especially, the action of PrP helical peptide in combination with tyramine was robust and long lasting (for 10-20 min) while those measured in the presence of benzylamine or phenylethylamine were merely spikes lasting for some seconds.
In the present study, we tested the possibility that amino acid residues on proteins or peptides can be the targets of Cu-bound PrP-mediated oxidative reactions. Here, we compared the effects of 20 amino acids as putative substrates for the Cu-loaded PrP peptide-catalyzed O 2
•-generating reaction, since two aromatic amino acids, tyrosine and phenylalanine, are structurally analogous to the highly active substrate tyramine and relatively less active substrate phenylethylamine, respectively; and tryptophan has similarity with inactive monoamine tryptamine. Lastly, effect of PrP-derived Y-rich peptide sequences were tested as putative targets of the PrP-catalyzed oxidative reactions. •-production. Complex structure shown in B was estimated according to [21] .
Materials and methods

Chemicals
The model sequence for threonine-rich Cu-binding region (VNITKQHTVTTTT) in which predicted Cu-binding site are preserved (Fig. 1B) , was used as proposed by Brown et al [19] , since this sequence was shown to be active as the catalyst for generation of O 2
•-in the presence of some aromatic monoamines [8, 20] . The likely structure of Cu-peptide complex shown in Fig. 2B was estimated according to [21] and briefly confirmed with the molecular orbital calculations (unpublished results). This model shows that Cu-bound form of VNITKQHTVTTTT is no longer helical but planar, possibly affecting the tertiary structure of PrP.
The catalytic and target peptides chemically synthesized and purified on high pressure liquid chromatography (VNITKQHTVTTTT, purity 99.02%; DYEDRYYRENMHR, purity 96.30%; DFEDRFFRENMHR, purity 95.10%; YYR, purity 97.40%) were obtained from the custom peptide service department of Sigma Genosis Japan (Ishikari, Hokkaido).
•-, was purchased from Tokyo Kasei Kogyo Co. (Tokyo, Japan). Phenylethylamine, tyramine hydrochloride, tryptamine hydrochloride, tyrosine, phenylalanine, and tryptophan were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Other chemicals used in this study were of reagent grade purchased from Sigma (St. Louis, MO, USA).
Detection of superoxide
The peptides and other chemicals were dissolved in phosphate buffer (pH 7.0) and the generation of O 2
•-was monitored with the chemiluminescence of CLA with a luminometer (Luminescensor PSN AB-2200-R, Atto Corp., Tokyo, Japan) and the level of O 2
•-was expressed with relative luminescence units (rlu) as previously described [22] . CLA-chemiluminescence specifically indicates the generation of O 2
•-(and 1 O 2 to a lesser extent) but not that of H 2 O 2 or HO • [23] . According to our previous study, the signal for 1 O 2 can be minimized by avoiding the use of high concentration of organic solvents such as ethanol (over 2%, v/v) in the reaction media [24] . Thus, the induced chemiluminescence recorded here reflects the generation of O 2
•-rather than 1 O 2 . Calibration of CLA-chemiluminescence reflecting the changes in O 2
•-level was carried out by dropping the solution of potassium superoxide (KO 2 ) dissolved in DMSO onto the CLA containing media as previously reported elsewhere [25] .
Results and Discussion
Oxidative burst catalyzed by the Cu-binding peptide
Previously, direct interactions between Cu-loaded PrP-derived peptides and some aromatic monoamines leading to generation of O 2 •-has been examined in phosphate buffer (pH 7.0) containing 5 µM CLA, 75 µM -3.0 mM CuSO 4 , 0.3 -2.0 mM H 2 O 2 , and 25 µM -0.6 mM helical peptide (or other PrP-derived Cu-binding peptides), by measuring the O 2
•--specific chemiluminescence [8] . Since requirements for co-factors both copper and H 2 O 2 were suggested in the previous study, we employed similar standard composition of the reaction mixture (optimized for aromatic amine oxidation) in search for the novel substrates for PrP-mediated peroxidative redox reaction leading to O 2
•-generation, here. Molar ratios among the components in the reaction mixture (totally 200 µl), namely catalytic peptide, Cu 2+ , H 2 O 2 , and substrates were approximately 1 : 3 : 3 : 3 (i.e., each reaction mixture contained 0.15 mM model helical peptide, 0.5 mM CuSO 4 , 0.5 mM H 2 O 2 and 0.5 mM substrates (monoamines, phenolics, amino acids or target peptides). Fig. 1C shows the structures of the representative chemicals tested. Generation of O 2
•-was assessed by adding CLA, peptide, Cu, H 2 O 2 and substrate molecules to the phosphate buffer in this order.
By adding tyramine to the reaction mixture as a model substrate, typical curves of O 2
•-production could be observed as the increase in CLA-chemiluminescence (Fig. 1D-F) . The observed burst of O 2
•-production in response to tyramine treatment was gradual and long lasting at high level.
In contrast, relatively poorer substrate phenylethylamine showed less production of O 2
•-at 0.5 mM (Fig. 1D,E) . For showing the effect of phenylethylamine as a pro-oxidant in the present system, much higher concentrations (>3 mM) were requires as previously reported [8] (data not shown). Above data suggest that the Cu-peptide complex recognizes the key structural difference among the substrates sharing similar structural backbones. In this case, the only difference between the active and the poor substrates was the presence of OH group on the aromatic moiety (thus possibly preferring phenolic moiety). In addition, tryptamine was also tested and shown to be poorer substrate (Fig. 3A) . 
Generation of O 2
•-in the presence of tyrosine
By structural similarity to aromatic monoamines, we tested the effects of aromatic amino acids and related compounds, namely tyrosine, phenylalanine and N-acetyl-tyrosine, as the putative substrates ( Fig.  2A, compounds 3, 4, 5 respectively) . In order to examine the effect of tyrosine (as an analog of tyramine) on the generation of O 2
•-, 0.5 mM tyrosine was added to the reaction mixture with identical compositions as described above and the induced increase in CLA chemiluminescence was monitored (Fig. 2B) .
Effect of tyrosine concentration on the generation of O 2
•-is shown in Fig. 2C . The optimal concentration was shown to be ca. 0.3 -1 mM. By comparing with the standard curve for KO 2 , the concentrations of O 2
•-generated in the reaction mixture in response to addition of 0.5mM tyrosine and tyramine were estimated (Fig. 2D) . In contrast, addition of phenylalanine resulted in no drastic increase in CLA-chemiluminescence (Fig. 2D) . Here again, the only difference between two substrates with largely differed in their activity was merely the presence of OH group on the aromatic ring. In addition, tryptophan was shown to be much poorer substrate (Fig. 3B) as expected from the behaviors of structurally similar monoamines such as tryptamine and serotonin (Fig.  3A) . Similarly to the previous report [8] , importance of co-factors namely H 2 O 2 and Cu in tyrosine-dependent production of O 2
•-was confirmed (Fig. 2E,F) . Reaction mixtures lacking either of two co-factors, substrate (tyrosine) or catalytic peptide showed no increase in O 2
•-generation. S-containing amino acids, namely, Met and Cys lowered the background level of chemiluminescence and no induction of oxidative burst was measured (Fig. 3B) . Effects of other amino acids (all non-aromatic; Ala, Arg, Asn, Asp, Gln, Glu, Gly, His, Ile, Leu, Lys, Pro, Ser, Val, and Thr) were also examined and none of them induced the production of O 2
•- (Fig. 3B) . These data imply that neither of carboxyl group nor amino group was the key group necessarily required in the active substrates. This was confirmed with the use of N-acetylated tyrosine in which amino group is masked with acetyl group. The activity of N-acetyl tyrosine was as high as of tyrosine and tyramine (Fig. 2D) . Since tyramine lacks carboxylic group, no involvement of carboxylic moiety in these active substrates is obvious.
Since the importance of phenolic moieties in tyrosine and tyramine were suggested, we examined the effects of various phenolics (some examples of the hydroxylated benzoates are shown in Fig. 3A) . Data suggested the importance of meta-and para-positioned OH group on aromatic rings. Presence of ortho-positioned OH group was not inhibitory only if there was additional OH group positioned in meta-or para-orientations as observed with 2,3-, 2,4-and 2,5-dihydroxybenzoic acids (Fig. 3A) . In contrast, no oxidative activity was observed with (1) non-phenolic compound such as benzoate nor (2) phenolics (and catecholamines) bearing OH group at ortho-position(s) such as salicylic acid, 2,6-dihydroxybenzoic acid and dopamine. These data suggest that the action of Cu-bound PrP-derived peptides are similar to the phenol-oxidizing enzymes.
Tyrosine-rich peptide sequences as possible targets
Above study revealed that the common structural feature required to be active substrates for Cu-bound PrP was shown to be the presence of phenolic moiety as illustrated in Fig. 3C . Thus, in case of tyrosine, the presence of phenolic moiety, but not the -NH 2 or -COOH groups was shown to be important in interaction with Cu-loaded PrP peptide. Therefore, it is natural to consider the tyrosine residues on peptides or proteins as putative targets of this type of reaction.
Recent reports suggested that helix H1 of PrP and its two flanking loops (highly rich in tyrosine residues) undergo a conformational transition into a β-like structure during conformational conversion of the PrP C into PrP Sc , which is a fundamental event in the onset of TSE [26] . In this section, we describe our attempt to test if tyrosine residues on PrP or derived peptides, in addition to free tyrosine, can be the putative targets of Cu-loaded catalytic PrP peptide. Firstly, we examined the effect of a tyrosine-containing tripeptide sequence (tyrosyl-tyrosyl-arginine, YYR) which can be found two times in the PrP's Y-rich region (DYEDR-YYR-ENMHRYPNQV-YYR-PMDEY) as a potent inducer (substrate) of O 2
•--generating reaction catalyzed by Cu-bound catalytic peptide (Fig.  4) . Such duplicated YYR motifs are conserved in bovine, goat, human and pig PrPs. Fig. 4A is showing the typical trace of YYR-induced O 2
•-generation catalyzed by the Cu-loaded and H 2 O 2 -fueled VNITKQHTVTTTT. Compared to free tyrosine, YYR was shown to be much more active as oxidative burst inducers (Fig. 4B) . These data indicate that both free form and peptide-integrated forms of tyrosine can be recognized by the Cu-loaded catalytic peptide. Lastly, reactivities of longer peptide sequences corresponding to the Y-rich region in PrP (DYEDRYYRENMHR) or its Y-to-F substitution mutant (DFEDRFFRENMHR) to the Cu-loaded catalytic peptide were tested (Fig. 5) . Peptide solutions were added to the model reaction mixture containing the catalytic peptide and co-factors (identical composition as above experiments). Since addition of longer peptides often results in lowering of basal chemiluminescence level compared to the cases of free amino acids or short oligo-peptides (data not shown), the level of chemiluminescence increase following addition of Y-rich peptide (DYEDRYYRENMHR) was not as great as we expected. However, when compared with the Y-to-F substitution mutant sequence, the level of O 2
•-production with PrP-derived native Y-rich sequence was obviously higher (Fig. 5) . This suggests that the tyrosine residues on intra-, and inter-PrP molecules could be additional target of the Cu-bound PrP-catalyzed reaction. Recently a French group conducted a study with synthetic sheep PrP peptides corresponding to native sequence spanning helix 1 and β-strand 2 (residues 142-166; corresponding to the Y-rich region), and their mutant sequences such as R156A mutant (YYR YYA) and the Y155A mutant (YYR YAR), and revealed that tyrosine 155 plays a key role in the stabilization of the beta-hairpin-like conformation of the sheep peptide [26] , suggesting that YYR motifs are involved in the early event of conformational changes. Furthermore, drastic changes in the 3-dimentional localization of YYR domain in Y-rich region within PrP molecule were suggested. Recent reports suggested that YYR sequence in PrPs can be susceptible to the redox changes including labeling by nitrating reagents, if the residues were facing the hydrophilic surface of the PrP protein globule. According to Lennon et al. [27] , two conserved tyrosine residues on hamster PrP (tyrosines 149 and 150) are insensitive to labeling by nitrating reagents, if PrP was in the normal cellular form. However, these tyrosine residues become reactive after the protein has been converted to the β-oligomeric isoform. There is another pair of tyrosine residues placed next to each other in the C-terminal region in mammalian PrPs (Y225, 226Y in human PrP; 236, Y237 in bovine PrP). Interestingly, the C-terminal YY is facing the hydrophilic surface in the PrP C and hidden by the hydrophobic packaging in PrP Sc [27] . Thus, behavior of specific tyrosine residues (susceptible to nitration) can be a hallmark of conversion of normal PrP into a structure that is enriched in beta-sheet.
Requirement for co-factors
In the reaction mixtures lacking either of 4 components, namely helical peptide, Cu, H 2 O 2 and tyrosine, optimal level of the O 2
•--dependent chemiluminescence could not be achieved (Fig. 2E,F) . This suggests that any component is certainly required for the reaction leading to generation of O 2
•-. Each of 4 components involved in the reaction acted in the concentration-dependent manners, further confirming that these components are necessarily involved in the O 2
•-generating reaction and thus supplies of each component can be the limiting factors (data not shown). Since the requirement for H 2 O 2 was confirmed here, the type of reaction catalyzed by the Cu-supplemented PrP helical sequence is rather similar to the aromatic monoamine-oxidizing and/or the phenol-oxidizing reactions leading to O 2
•-generation known to be catalyzed by H 2 O 2 -requiring plant peroxidases [28] [29] [30] and human methemoglobin [31] . The proposed reaction in which the Cu-loaded helix converts the molecular oxygen into O 2
•-, is fueled by H 2 O 2 and bio-phenolics. We can expect that supply of H 2 O 2 can take place within the PrP molecule since another Cu-binding region in PrP known as the neurotoxic region (PrP 106-126) reportedly catalyzes the production of H 2 O 2 [13] .
Possible mechanism of superoxide generation
The present study showed that phenolics including tyrosine and tyramine (to lesser extent with non-phenolic aromatic monoamines) were shown to be active substrates for generation of O 2
•-. Since H 2 O 2 is required for initiation of the reaction, the type of reaction studied here is distinct from the reactions catalysed by known Cu-centered enzymes such as Cu-amine oxidase, phenol oxidase and tyrosinase. Our earlier works revealed that 1-electron oxidation of phenolics and aromatic monoamines by plant peroxidase and human methemoglobin (pseudoperoxidase reaction), results in generation of O 2
•- [25, [28] [29] [30] [31] . In cases of phenolics, generation of phenoxy radicals (detectable with electron spin resonance using ascorbate as a spin trapping agent) was suggested as an redox intermediate leading to reduction of molecular oxygen to form O 2
•-. Conversion of heme proteins such as hemoglobin and cytochrome c into peroxidase-like catalysts through protein inactivation or degradation is well studied. One recent study revealed that Amyloid-β peptide incorporating heme can be converted to be a peroxidase-like protein [32] . This work elegantly related the peroxidase-like reaction and the cytopathogenesis of Alzheimer's disease which is a typical protein conformational disease sharing great similarity with prion dementias. By this way, it is likely that the protein with no peroxidase activity can be converted to a peroxidase-like catalyst upon binding to catalytically active complex (such as heme) or metals (such as Cu). By analogy to the (pseudo)peroxidase models, we hypothesize that the mechanism for Cu-bound PrP-catalyzed O 2
•-generating reaction is mediated with peroxidase-type 1-electron oxidation of phenolics followed by formation of phenoxy radicals.
Activity of other Cu-binding sequence
Our present study focused on the behavior of model PrP helix with Cu-binding motif as inspired by earlier work conducted by Brown et al [19] . In addition to the model helical peptide, activities of native helical sequence (VNITIKQHTVTTTT) and other cupper-binding motifs (PHGGGWGQ, GGGTH, and KTNMKHMA) on PrPs were also examined in our preliminary tests (data not shown). We have confirmed that all Cu-binding motifs except for KTNMKHMA showed the catalytic activities for tyrosine. Therefore detailed analysis of the action of other Cu-binding motifs in PrP towards tyrosine and tyrosine-rich peptides must be examined in the future research effort.
Possible role of tyrosine-dependent reaction
According to the model proposed by Lee [8] . Kawano has proposed that PrP-catalyzed generation of O 2 •-(that may attack the SH residues on PrP) may stimulate the conversion of monomeric native PrP C to the catalytically active PrP RDX intermediate which in turn acts as the seed for further production of PrP RDX from PrP C [8] , based on the report by Shiraishi et al. [18] supporting the view in which the Cu bound to PrP undergoes catalytic cycling in the presence of catecholamines and causes the oxidation of protein, possibly involving the ROS-generating reactions. The model with involvement of catecholamines and related chemicals (including their precursors and/or analogues) is very attractive since such chemicals are highly rich in brain and neuronal tissues. In addition to such monoamines, the present work focused on the role of amino acids as alternative substrates for the PrP-catalyzed oxidative burst and tyrosine was shown to be the best and only substrate among all amino acids tested. Tyrosine was shown to be capable of inducing long lasting and robust production of O 2
•-in the reaction mixture containing both H 2 O 2 and Cu-loaded PrP helix-2 model peptide. Since tyrosine is much more abundant throughout the tissues and cells compared to catecholamine-related signaling molecules, this reaction is much more likely to take place in the prion biology.
In addition to the action of free tyrosine, effect of two tyrosine-rich peptide sequences YYR and DYEDRYYRENMHR found in human PrP corresponding to the Y-rich region (DYEDRYYRENMHRYPNQVYYRPMDEY) was tested as putative substrates for the threonine-rich neurotoxic peptide loaded with Cu and H 2 O 2 . YYR motif found twice in the Y-rich region was shown to be highly active substrate for the reaction. Comparison of Y-rich sequence consisted of 13 amino acids and its Y-to-F substitution mutant sequence revealed that the tyrosine-residues on Y-rich peptide derived from PrP may contribute to the higher production of O 2
•-in the presence of Cu-bound, H 2 O 2 -fuelled catalytic peptide. These data suggest that the tyrosine residues on PrP molecules could be additional targets of the PrP-mediated reactions through intra-or inter-molecular interactions. In the future works, impacts of such redox events on the conformational changes in PrP must be clarified.
